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A classical crystallization process starts from stable nuclei followed by a simple enlargement of the nuclei by
unit-cell replication. In recent years, the universality of such classical crystallization has been questioned
upon investigations of biomineralization processes, and there are few examples showing that crystal growth
may not follow such a classical crystallization process. In this paper, a typical coordination polymer, Prussian
blue microcrystals, has been synthesized under hydrothermal conditions. By carefully analyzing the
intermediates during the crystal growth process, we found that the growth of Prussian blue under the given
growth conditions may follow a nonclassical crystal growth process in which a mesoscale self-assembly of
nanocrystallites is included during crystal growth. Such a mesoscale self-assembly process could be a common
phenomenon for growth of some crystals with extremely low solubility.
Introduction
Coordination polymers, infinite frameworks consisting of
metal ions and bridging ligands, usually have very low solubility
in aqueous solution. They have attracted researchers’ interests
and been thought to be a kind of novel material because of the
fascinating properties, rich structures, and potential applications
in the fields of catalysis, molecular recognition, sensor, mag-
netism, photochemistry, etc.1-4 During the past decade coor-
dination polymers with various structures and properties have
been rapidly designed and synthesized. Among the synthesis
methods, hydrothermal syntheses become a well-known com-
mon method for preparation of coordination polymers. Although
the hydrothermal technique is an effective and a powerful
method in synthesizing various coordination polymers, the
crystal growth process under the hydrothermal condition used
to be ignored. Prussian blues (catena-[MFeII[FeIII (CN)6]‚nH2O])
(M ) cations such as Li+, Na+, K+, etc.) and their analogues,
known as molecular magnets, are representative of coordination
polymers. The syntheses and magnetic properties of Prussian
blues and their analogues have been extensively investigated.5-7
In this paper, using the growth of Prussian blue (PB) micro-
crystals under the hydrothermal condition as an example, we
show a possible nonclassical crystal growth process for growth
of some coordination polymers. A mesoscale self-assembly
process has been put forward to account for growth of Prussian
blue microcrystals.
A classical crystallization process starts from stable nuclei,
followed by a simple enlargement of the nuclei by unit-cell
replication through growth of the building blocks such as atoms,
ions, molecules, or small clusters on the nuclei surfaces. In
recent years, the universality of such classical crystallization
has been questioned upon investigations of biomineralization
processes.8 Many biominerals were found to grow through
mesoscale self-assembly of defined and monodispersed
nanoparticles.8-11 Furthermore, it has been found that meso-
scale self-assemblies are not limited only to biomineralization.
Some inorganic and organic nanomaterials were observed to
self-assemble into their superstructures.9,12-14 In addition, some
evidence has demonstrated that single crystals may follow a
nonclassical growth process involving mesoscale self-assemblies
of nanoparticle units. For example,15 titania nanoparticles can
emerge and fuse into highly ordered titania chains and barium
sulfate may grow according to a self-assembled aggregation
mechanism followed by a fast recrystallization process. These
facts suggest that the mesoscale self-assembly process may be
another crystallization pathway in formation of some single
crystals in normal lab conditions (in contrast to biomineraliza-
tion). Herein, we show another example for growth of single
crystals via a nonclassical growth process. Prussian blue
microcrystals were found to grow via a mesoscale self-assembly
under the hydrothermal condition. Such a mesoscale self-
assembly process could be a common phenomenon for growth
of many crystals with extremely low solubility.
Experimental Section
In a typical experiment aqueous K3Fe(CN)6 solution (0.01
M) and C6H12O6 solution (0.01 M) were prepared separately.
All reagents are analytical grade and used without further
purification. Typically, 10 mL of the K3Fe(CN)6 solution was
mixed with 10 mL of the glucose (C6H12O6) solution, and the
mixture was stirred for 10 min. Then, the mixed solution was
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transferred to a Teflon-lined stainless steel autoclave and heated
to 120°C for 12 h. After the reaction, the autoclave was cooled
to room temperature naturally, and the product was washed with
water and ethanol three times and dried with a vacuum pump
at 30°C for 24 h.
The composition and crystal phase were checked by X-ray
photoelectron spectroscopy (XPS, PHI660) and X-ray diffraction
(XRD, PANalytical X’pert pro, Cu KR radiation). Thermo-
gravimetric (TG) analysis was carried out on a NETZSCH STA-
449C analyzer. Scanning electron microscopy (SEM) analyses
were performed on a LEO1530 microscope with a field-emission
electron gun. The high-resolution transmission electron micro-
scopic (HRTEM) observations and selected area electron
diffraction were carried out on a FEI TECNAI F30 microscope
operated at 300 kV.
Results and Discussion
The chemical compositions of the final products were
examined by X-ray photoelectron spectroscopy (XPS), which
were composed of elements Fe, K, C, N, and O as shown in
Figure 1. The mass loss of lattice water was measured to be
15.0% according to thermogravimetric (TG) analysis. Further-
more, X-ray diffraction (XRD) of the products was measured
as shown in the upper part of Figure 2 (line 1). The XRD pattern
shows that the products are a pure phase of Prussian blue sharing
the same crystal structure of a Prussian blue analogue, KMnFe-
(CN)6‚2H2O (JCPDS 51-1896). When combining the XPS, TG,
and XRD results, a chemical formula of KFeIIFeIII (CN)6‚3H2O
can be deduced for the as-prepared products. A simulated XRD
pattern based on structure information of the Prussian blue
analogue was calculated by the Rietveld method using the X’Pert
Plus (PANanalytical X’pert) software as shown in the lower
part of Figure 2 (line 2), which shows very good agreement
between the measured pattern and the simulated one. The refined
unit cell of the as-prepared products is monoclinic with cell
parameters ofa ) 10.085 Å,b ) 10.125 Å,c ) 10.111 Å, and
â ) 91.97°. As a result, the Prussian blue KFeII eIII (CN)6‚3H2O
has been successfully prepared by a simple hydrothermal route
based on the reaction between K3Fe(CN)6 and the reductant
C6H12O6. Under hydrothermal conditions, Fe(CN)63- could be
reduced to Fe(CN)64- by C6H12O6, and at the same time it
released the Fe3+, and finally the Prussian blue coordination
polymer frameworks were formed successfully.
Figure 3a shows a typical SEM image of the final products
for the 12 h heating time. Large amounts of microcubes with a
size of several micrometers and very flat surfaces were observed.
Such well-faceted morphologies suggest that the cubic particles
should be single crystals. The XRD pattern of this product
(see Figure 2) shows a very narrow and sharp peak, confirming
that the average crystallite size is rather large. As has been well
known, naturally grown single crystals via the classical crystal
growth route are usually in the shape of convex polyhedra.
However, many particles with unusual morphologies such as
rectangular frames and microcubes with a rectangular hole were
observed in the products as shown in Figure 3b. Such irregular
crystallites are difficult to be understood by a classical crystal-
lization process.
To understand the growth mechanism of the Prussian
blue crystals, time-dependent experiments were carried out.
Figure 4a shows the products after reaction for 40 min. Clearly,
the TEM image shows that the products are nanoparticles, most
of which are cube shaped and with a size of about 10-2 nm.
The high-resolution TEM image (see Supporting Information)
shows that the cube-shaped nanoparticles are crystalline, which
share the same crystal structure as larger particles grown for a
longer reaction time (such as Figure 4d). The nanoparticles are
relatively dispersed, although some nanoparticles seem to
aggregate and align well with each other. When the reaction
time increases to 1.5 h, however, the SEM images of the
products do not show well-dispersed enlarged particles as
expected. Instead, many particles look like assemblies of
nanocubes, where nanocubes are highly oriented with their sides
parallel to each other as shown in Figure 4b. From the TEM
Figure 1. XPS spectra of Prussian blue microcubes obtained at 12 h:
(A) C 1s and K 2p; (B) N 1s; (C) O 1s; (D) Fe 3p; (E) Fe 2p. XPS
spectra of Prussian blue microcubes proved that the Prussian blue
microcubes were composed of elements K, C, N, O, and Fe.
Figure 2. X-ray diffraction pattern of the as-prepared products
(line 1) and simulated pattern (line 2) based on the structure information
of the isocrystal structure anologue.
Figure 3. (a) Typical SEM image of Prussian blue microcubes prepared
at 120°C for 12 h. (b) Some particles in the products with irregular
shapes such as “L” type, frame, and hollow microcube, in contrast with
convex polyhedra, resulted from a classical crystallization.
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observation of the products, such particles look like mosaic
structures as shown in Figure 4c (left). The corresponding SAED
pattern is shown in Figure 4c (right), in which all of the
diffraction spots can be indexed as diffractions of the [001] zone
axis of the Prussian blue phase. The basic two diffraction spots
can be indexed as [200] and [020], in agreement with the XRD
pattern. However, the diffraction spots are diffusive and
elongated to some extent. The result confirms that the nano-
particles are in fact of a mosaic structure in which the mosaic
blocks have small orientation deviations. In the high-resolution
TEM (HRTEM) image as shown in Figure 4d, the basic lattice
spacing measured from the HRTEM image or its Fourier
transformation image is about 0.50 nm, corresponding to the
spacing of the (200), (020), or (002) lattice planes (as the crystal
lattice of the as-prepared Prussian blue is very close to a cube,
it is difficult to identify the exact crystal axis from either the
high-resolution image or the SAED pattern). Furthermore, the
HRTEM also shows some plane defects in the crystal lattice as
shown in the upper-left part of Figure 4d and marked by an
arrow. When the reaction time increases to 2.5 h, many
microcubes with a size of several micrometers can be found.
However, the surfaces of the microcubes are quite rough as
shown in Figure 4e. Such rough surfaces are very similar to
that of many reported mesocrystals.9 A close look of such rough
surfaces (see Figure 4f) shows that many pits and kinks with
regular shapes (square or rectangular) appear on the surface.
When the reaction time is longer, the surfaces of the grown
microcubes are found to become flat (see Figure 3a). By
comparing the XRD pattern of the products from a reaction time
of 2.5 h and those of 12 h, as shown in Figure 5, it is clearly
shown that the diffraction peak becomes narrow with increasing
reaction time. In other words, although the particle size of the
products of 2.5 h is not very different from that of the products
of 12 h, the crystallinities between the two products are different.
By estimating the crystallite size from the Scherrer formula, it
is found that the average crystallite size is about 50 nm for the
product of 2.5 h, which is obviously smaller than the apparent
particle size observed with SEM. For the case of the product of
12 h, no obviously broaden peak is found.
A crystallization process consists of nucleation and crystal
growth. The crystal growth process in the classical mode usually
considers a simple enlargement of the nuclei through growth
of the building blocks such as the atoms, ions, molecules, or
small clusters on the nuclei surfaces. Such a classical crystal-
lization usually results in well-faceted convex polyhedral-shaped
particles in all stages of crystallization. Obviously, crystal growth
of Prussian blue microcubes does not rigidly follow classical
crystallization under our experimental conditions. The SEM and
TEM images show that the intermediate particles of the early
stage (e.g., 1.5 h of reaction time, Figure 4b-d) during growth
of Prussian blue microcrystals are isooriented mosaic structures.
The result indicates that the crystal growth process does not
follow the simple enlargement of stable nuclei. Very possibly,
the intermediate particles with isooriented mosaic structure are
via a mesoscale self-assembly process, which aggregation of
preformed crystalline building blocks in nanosize is included
during crystal growth. Meanwhile, the boundary of the building
blocks may fuse together quickly. From the high-resolution
image of Figure 4d, we may find a lattice plane defect in the
upper-left part. However, this lattice defect does not extend to
the right. These facts may indicate that the particle boundaries
have fused together during the growth process. Further evidence
for the nonclassical crystal growth process comes from the
morphologies of intermediates at 2.5 h, where the rough surfaces
in fact consist of a large amount of regular polyhedral kinks or
pits. Such high-density temporary defects are difficult to appear
if the classical crystal growth process is adopted. However, by
a mesoscale assembly process, it becomes possible.
On the basis of the above experimental evidence, a growth
mechanism via mesoscale self-assembly is proposed as il-
lustrated in Figure 6. At the beginning, the Prussian blue nuclei
generate and grow into nanocrystallite intermediates. In this
Figure 4. Typical EM images of Prussian blue grown at different
growth stages: (a) 40 min (TEM) and (b) 1.5 h (SEM). (c) TEM image
of the products of 1.5 h and the corresponding electron diffraction
pattern. High-resolution TEM image of the products of (d) 1.5 and (e)
2.5 h (SEM). (f) Enlarged SEM image of the microcube of the products
of 2.5 h.
Figure 5. XRD diffraction patterns of Prussian blue grown at different
growth stages: (line 1) 2.5 and (line 2) 12 h.
Figure 6. Proposed mechanism for growth of Prussian blue micro-
particles.
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process the extremely low solubility of the Prussian blue allows
formation of large quantities of nanocrystallites because it is
very easy for the system to reach the highly supersaturated
condition and it nucleates into nanocrystallites. Furthermore,
the low solubility of the product may prevent the occurrence
of the Ostward ripening process usually taking place in classical
crystal growth (in present case, the reductant glucose may also
play the role of nanocrystallite stabilizer), by which some nuclei
dissolve during growth of the other stable nuclei. Instead, the
primary nanocrystallites aggregate to form well-oriented or even
isooriented mosaic intermediates. On the other hand, on the
crystallite surfaces of Prussian blue, CN groups very possibly
exist. During the growth and aging process (keeping a high
temperature under the hydrothermal process for more than
10 h), the boundaries of the adjacent nanocrystallites fuse
together by reacting with Fe3+ ions released from the reactant
Fe(CN)63-. As a result, the average crystallite size becomes
larger during the aging process, as proved by the XRD pattern
of Figure 5. Similar aging processes also take place during the
biomineralization process; as an example, one may find
transformation of surface hydroxy (-OH) to oxo (-O-) bridges
between two neighbor oxide particles by releasing H2O during
the biomineralization process.8,11
Being different from the classical crystallization process, the
mesoscale self-assembly results from the assemblies of defined
and monodispersed nanoparticles.9-11 Such mesoscale self-
assembly is a key process in biomineralization.16,17 H. Cölfen
and M. Antonietti predicted that mesocrystal formation processes
may even be a common crystallization pathway in formation
of single crystals in concluding remarks of their recent review
about mesocrystals.9 Growth of Prussian blue microcubes in
our case should be a typical example of nonclassical growth of
single crystals, especially for those having extremely low
solubility.
In conclusion, through analyzing the products of the different
stages during the crystal growth process of Prussian blue
microcubes under the hydrothermal condition, a mesoscale self-
assembly followed by fusing the adjacent crystallites has been
put forward to account for the growth mechanism of the Prussian
blue microcrystals. Such a modified mesoscale self-assembly
process could be a common phenomenon for the growth of some
crystals with extremely low solubility.
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